Under certain conditions, usually at low temperature, when optical phonon emission is the dominant scattering mechanism, plasma instabilities, driven by the streaming motion of carriers, can appear in n + nn + diodes and may originate current oscillations. In this work, by means of Monte Carlo simulations, we investigate the optimum conditions for the onset of such mechanism in GaN n + nn + diodes: applied bias, temperature, doping and length of the active n region. Simulations show that current oscillations at frequencies as high as 400-600 GHz can be achieved for temperatures below 40 K, with some degree of tunability by means of the applied voltage and length of the n region. Oscillations are enhanced for bias conditions providing a characteristic frequency close to the plasma frequency of the n region.
Introduction
Recently, the analysis of electron transport in n + nn + structures based on semiconductors with highenergy optical phonons is attracting increasing attention due to the possibility of THz signal generation [1] . When operating at small bias and low temperature, in a regime where optical phonon emission (OPE) is the dominant scattering mechanism, plasma instabilities [2] , driven by the streaming motion of carriers, may originate current oscillations [3] . The frequency of such oscillations corresponds to the inverse of the transit time between two OPEs. These phenomena have been analyzed so far, by means of Monte Carlo (MC) simulations, for the case of InN [3] and InP [1, 4] n + nn + structures. However, in the case of GaN, a wide band-gap semiconductor of growing interest, only ideal bulk material properties have been studied [5] .
The aim of this work is to investigate current oscillations excited by OPE in GaN n + nn + diodes by using a realistic MC model including the influence of dislocations. We analyze the dependence of the onset of the oscillations, their frequency and amplitude on the bias conditions, temperature, doping and length of the active n-region.
Monte Carlo model and simulated structures
We have developed an ensemble MC simulator self-consistently coupled with a 2D Poisson solver for the analysis of GaN n + nn + diodes. The conduction band of GaN is modelled by three non-parabolic spherical valleys (Γ1, U and Γ3). The scattering mechanisms considered in the simulations are: ionized impurities, acoustic, optical and intervalley phonons, piezoelectric and dislocation scattering. Special attention has been paid to the implementation of dislocation scattering, which can be crucial to correctly reproduce electron mobility in bulk GaN or in the channel of GaN based HEMTs. However, since n + nn + diodes are vertical structures, dislocations are essentially parallel to electron transport, so that dislocation scattering does not have any influence on the results. Ohmic boundary conditions are considered at the contacts. In order to easily perform a frequency analysis of electrical fluctuations and detect the presence of current oscillations, the time-domain current sequences obtained from the MC simulations are Fourier transformed (once subtracted the average value) into the frequency domain to determine the current noise spectra. The simulated GaN n + nn + diodes [sketched in the inset of figure 1(a)] are just a low doped n region of length L (the effect of both doping level and length will be studied in next section), sandwiched between two 50 nm n + layers, with a higher doping of 10 17 cm -3 , at which end ohmic contacts maintain charge neutrality. Figure 1 (a) shows the I-V curve of a GaN n + nn + diode with an n region of length L=2 µm and doping 10 15 cm -3 calculated at 15 K. A kink is evident when the applied voltage reaches the threshold for OPE (the optical phonon energy εp is 0.091 eV), and also at twice and three times such a value.
Optical phonon transit time resonance (OPTTR)
Interestingly, associated with the onset of OPE, oscillations emerge in the current, as shown in figure 1 (b) . However, when the bias is much increased (V=0.5 V), current oscillations disappear. The mechanism at the origin of current oscillations is the optical phonon transit time resonance, OPTTR [1] . Ideally, when only OPE scattering is present, and under the action of a constant electric field E, an electron moves ballistically until reaching the energy for emitting an optical phonon, thus returning back into the initial low-energy state and starting the next cycle. The time needed for such a process is given by [1] eE m m
where e is the electron charge and m * and m0 the effective and free electron masses, respectively. In the case of our n + nn + diodes, the electric field is nearly zero in the n + regions, and therefore OPTTR takes place only in the n region, where the electric potential is self consistently adapted to electron concentration, so that E is not constant and exhibits interesting spatial and temporal features. In order to understand the phenomenon, profiles of OPE rate, electron concentration, electric field, electron energy and velocity along the previous GaN n + nn + diode are shown in figure 2 for different applied (a) (b) voltages. The acceleration/stopping cycles are clearly observed in the figure, with a straight coincidence between high OPE rates and low electron velocity and energy zones. Interestingly, electron accumulations take place at those regions, enhancing the inhomogeneity of the electric field, which becomes spatially periodic. As the applied bias is raised, the number of OPE mechanisms undergone by electrons while crossing the n region increases, each one producing an electron accumulation. It is remarkable that for V=0.5 V, when almost no oscillation is observed in the current, electrons flowing through the n region still show well defined an spatially periodic OPE profile. This fact indicates that OPTTR is not enough for generating current oscillations; a feedback mechanism is additionally necessary for the time synchronization of the OPE events. This feedback is provided by the self-consistent electric field, which, modulated by the electron concentration, imposes a correlation between the OPEs taking place at different positions and time moments. When an OPE occurs at a given position, the local increase of electron concentration is self-consistently coupled to the electric field, which leads further OPEs to be delayed in time and shifted in space, thus originating the observed current oscillations. When the bias is too high, the spatial modulation of the electric field is much weaker due to very short distance between consecutive OPEs [figure 2(c)], what degrades the synchronization effect until oscillations disappear.
The current spectrum corresponding to V=0.25 V shows a clear peak at around 250 GHz, figure 3(a) (and also higher harmonics). In figure 3(b) the frequency of the oscillations is plotted vs. the applied bias, showing a good agreement with the ideal behavior of equation (1) (with 25 GHz error bars and using E=V/L, the mean electric field in the n region), even if the real electric field is strongly non-homogeneous. Regarding the amplitude of the oscillations, it takes the maximum value [ figure 3(b) , left axis] for an intermediate voltage, V=0.25 V, when the electric-field-related OPE modulation is optimum.
When the temperature is increased to 40 K, other scattering mechanisms compete with OPE (mainly optical phonon absorption), and thus the electron motion between consecutive OPEs is not completely ballistic, and the coherence of the OPTTR is degraded. This reflects in the amplitude of current oscillations [figure 3 (b) ], whose maximum appears at lower V and is one order of magnitude smaller than for 15 K, while their frequency still follows the theoretical value given by equation (1) . If the temperature is further increased to 77 K, the OPTTR disappears and no current oscillation is observed. (1) is also plotted.
If the length of the n region is decreased, the bias range for which the current oscillations come into view is reduced (and also their amplitude) since, as already explained, by shortening the distance between consecutive OPEs, the feedback provided by the electric field weakens. For L=1.0 µm, oscillations take place only in the range V=0.1-0.25 V, figure 3(b), with frequencies slightly lower than predicted by equation (1) . If L is further reduced to 0.5 µm, current oscillations do not appear at all. On the other hand, for L=3.0 µm, current oscillations are present in a much wider bias range (0.1-0.6 V). Interestingly, for all the values of L, the frequency of the oscillations providing maximum amplitude is around 200-250 GHz, in the range of the plasma frequency of the n region, as expected by the strong relationship between OPTTR oscillations and plasma instabilities [2] .
When the doping of the n region is increased (results not shown), space charge effects are enhanced, and so does the feedback (now effective in shorter distances) associated to the electric field, thus providing oscillations with much higher amplitude that persist up to higher voltages. The calculated oscillation frequencies are larger than those predicted by equation (1) . The significant value of the electric field in the n + regions and the higher plasma frequency of the n region may cause that discrepancy.
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